Metal halide perovskite solar cells have rapidly emerged as leading contenders in photovoltaic technology. Compositions with a mixture of cation species on the A-site show the best performance and have higher stability. However, the underlying fundamentals of such an enhancement are not fully understood. Here, we investigate the local structures and dynamics of mixed Acation compositions. We show that substitution of low concentrations of smaller cations on the A-site in formamidimium lead iodide (CH(NH 2 ) 2 PbI 3 ) results in a global 'locking' of the PbI 6 octahedra tilting. In the locked structure the octahedra tilt at a larger angle but undergo a much reduced amplitude of rocking motion. A key impact of this feature is that the rotational or tumbling motion of the CH(NH 2 ) + 2 molecular ion in a locked cage is severely restricted. We discuss the impact of locking on the photovoltaic performance and stability.
ABSTRACT: Metal halide perovskite solar cells have rapidly emerged as leading contenders in photovoltaic technology. Compositions with a mixture of cation species on the A-site show the best performance and have higher stability. However, the underlying fundamentals of such an enhancement are not fully understood. Here, we investigate the local structures and dynamics of mixed Acation compositions. We show that substitution of low concentrations of smaller cations on the A-site in formamidimium lead iodide (CH(NH 2 ) 2 PbI 3 ) results in a global 'locking' of the PbI 6 octahedra tilting. In the locked structure the octahedra tilt at a larger angle but undergo a much reduced amplitude of rocking motion. A key impact of this feature is that the rotational or tumbling motion of the CH(NH 2 ) + 2 molecular ion in a locked cage is severely restricted. We discuss the impact of locking on the photovoltaic performance and stability.
Metal halide perovskite solar cells have emerged 1-8 as a serious contender to siliconbased devices due to an unprecedented rise in power conversion efficiency, overtaking all other third-generation technologies. Despite their exceptional photovoltaic properties a number of challenges exist. Stability is a major concern: the archetypal phase CH 3 NH 3 PbI 3 (MAPbI 3 ) is thermodynamically unstable 9-11 and there are further significant problems associated with degradation in air and moisture. [12] [13] [14] [15] There are also competing crystal phases that are not photoactive. 16, 17 The presence of intrinsic defects at large concentrations also leads to ion transport 18, 19 and current voltage hysteresis, as well as mediating degradation mechanisms. 14, 20 Improvement in the photovoltaic properties can be achieved by altering the composition. 21 Lead iodide perovskites have the general composition APbI 3 with the A-site occupied by a monovalent cation that can be organic or inorganic (A= methylammonium CH 3 NH + 3 , formamidimium CH(NH 2 ) + 2 , caesium Cs + or rubidium Rb + ). As shown in Figure 1 , the Pb/I component forms a framework of corner sharing octahedra with an A-site cation at the centre of each cage. Cation mixing on the A-site has been shown to significantly improve both the photovoltaic performance and the stability of these systems. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] Typically, for mixed-cation perovskite studies, the host phase is formamidim- Figure 1 : Structure of metal halide perovskite. 'A' cations (FA + , MA + , Cs + or Rb + ), shown on the right, occupy cages formed by cornersharing PbI 6 octahedra. The ionic radii of these A-cations are given in brackets. Key: hydrogen (white), carbon (cyan), nitrogen (blue), iodine (pink). ium lead iodide, CH(NH 2 ) 2 PbI 3 (FAPbI 3 ) with small amounts of MA + , Cs + and Rb + doped onto the A-site. The origin of the performance improvements upon such doping has been suggested as i) increased stability due to enhanced contribution from the entropy of mixing 30, 36 ii) change of the Goldschmidt tolerance factor leading to altering of the tilting of the octahedra 37,38 and iii) reduction in crystal strain. 39 However, lattice and A-site cation dynamics and their coupling have so far not been considered in detail, even though halide perovskites are found to be highly dynamical systems. [40] [41] [42] [43] [44] For example, in the related perovskite, MAPbI 3 , the inorganic PbI 6 octahedral framework undergoes Glazer tilting with a time period of ∼0.2−1.5 picosecond (ps). 45 The FA + molecular ions on the A-site in FAPbI 3 undergo rotational or tumbling motion inside the cage (time period 2-3 ps 46 ), and their internal bonds undergo dihedral rotation and vibration at a high frequency (time period 10-20 femtosecond (fs) 45 ).
The impact of this considerable amount of motion upon the structure and properties of mixed A-cation perovskites, however, is not fully understood. Here, we use advanced ab initio molecular dynamics (AIMD) techniques (detailed in the SI) to investigate mixed Acation perovskites based on FAPbI 3 substituted by MA + , Cs + and Rb + to understand how their structures and dynamics compare to single Acation phases.
First, we examine the effect on the perovskite structure upon cation substitution at the A-site of FAPbI 3 . The volume per formula unit and mean Pb-I-Pb angle over time are shown in Figure 2. It can be seen that, when FA + is replaced by smaller cations, the cell-volume is reduced. For example, doping of 10% Rb + (smallest in size among the A-cations considered) causes a volume reduction of 2.2%. The effect is less pronounced when the intermediate sized cation MA + is involved. Doping of 10% MA + and 10% Cs + leads to a lower volume reduction of 0.8%. Details of equilibrium structural parameters of all mixed cation systems can be found in Table  S1 in the SI. The origin of this volume contraction is associated with the tilting of the PbI 6 cornersharing octahedra. In the inset of Figure 2 , we define the tilt angle between two corner sharing octahedra. Whilst the average crystal structure of FAPbI 3 is cubic, 46 locally the octahedra tilt to form an orthorhombic structure. 40, 42 In our simulations, FAPbI 3 adopts such a tilted structure with an average tilt angle of 11 • which is very similar to the previous report. 42 We find that as smaller cations such as Cs + and/or Rb + are introduced onto the A-sites, they are less able to fill space in the cage, and as a result the octahedra tilt further to pack space more effectively. For example, the average tilt angle increases from 11 • in FAPbI 3 to 20 • in FA 0.9 Rb 0.1 PbI 3 .
It is known that the hybrid perovskites are physically 'soft' and highly dynamical. With regard to lattice dynamics, the octahedra are found to undergo a rocking motion whereby the tilt angle of the corner sharing octahedra oscillates about the equilibrium position. 41, 42, 44, [46] [47] [48] Here, we monitored this oscillatory motion for each composition, and the representative data as well as snapshots are displayed in Figure  3 . We find a significant reduction in the amplitude of the rocking motion of octahedra for the mixed-cation phases. Focusing on a pair of octahedra (Figure 3b ), the Pb-I-Pb angle in FAPbI 3 oscillates strongly over time in the range ≈ 135-180 • (i.e. tilt angle of 0-45 • ) whereas the oscillation is restricted to a smaller range of ≈ 145-170 • (i.e. tilt angle of 10-35 • ) for the Cs-doped system, FA 0.9 Cs 0.1 PbI 3 .
The picture that emerges here is that when the parent FAPbI 3 is doped by smaller cations, the octahedra tilt at a greater angle. Furthermore, this tilting is 'locked' in place and undergoes much more restricted rocking dynamics (shown in Figure 3 (b)). Following the Glazer notation, 49 time averaged geometries of these mixed cation systems exhibit locked 'in-phase tilting' (same-tilt) that is a 0 a 0 c + in the xycrystal plane (see Figure S3 in SI for details). We note that previous AIMD studies by Quarti et.al. have demonstrated dynamics of MAPbI 3 where neighbouring octahedra undergo "out-ofphase"(a 0 a 0 c − ) rotation by ± 30 • along the caxis in its tetrahedral phase. 42, 44 This 'locking' structural feature can be probed further using the radial distribution function (RDF). The Pb-I nearest-neighbour peak in FAPbI 3 at 3.18 Å remains unchanged upon doping (Figures S4 and S5 in SI), indicating that the internal geometry and bonding in the PbI 6 octahedra are unaltered by the increased tilting and do not contribute to the We now consider the effects on bonding and molecular ion motion. In the mixed-cation systems, the increased cage tilting brings the hydrogen atoms of FA cations into closer contact with the iodide ions, and one might expect greater N-H· · ·I interactions and hence the degree of hydrogen bonding to increase. Evidence for this is found in the calculated vibrational spectrum (using TRAVIS 50 ) shown in Figure 4 , where we focus on the region of the N-H stretching frequencies of FA + which appear at 3250-3550 cm −1 . The peak is split into two since the NH 2 group is a primary aliphatic amine and has symmetric and asymmetric (higher frequency) modes. The features of the computed vibrational spectra of FA + in the parent FAPbI 3 , in- Crucially, as the smaller 'A' cations are incorporated into FAPbI 3 , the N-H stretching peaks become more intense and are red-shifted (Figure 4) , which is in agreement with the report by Matsui et. al 34 and indicates an increase in the hydrogen bond strength. This is also evidenced in a broadening of the corresponding RDF for FA 0.9 A 0.1 PbI 3 (A = Cs + , Rb + ) in comparison to the parent FAPbI 3 ( Figure S7 in SI), as hydrogen bond formation affects the N-H bond length in the FA + molecular ion.
These changes in the vibrational spectra and the RDF clearly indicate an increase in the number and strength of intermolecular N-H· · ·I hydrogen bonds in mixed 'A' cation perovskites over the parent FAPbI 3 phase. Furthermore, this feature is likely to contribute to the increased perovskite phase-stability observed in the mixed cation systems. The reduced fluctuation in the hydrogen bond distances due to locked octahedral rocking motion in these perovskites will reduce the fluctuation in the hydrogen bonding itself, and further stabilise the structure. Recent simulation studies on MAPbI 3 51,52 also suggest strong N-H· · ·I interactions between CH 3 NH + 3 and the Pb-I lattice.
As well as bonding effects, the 'locking' of the octahedral rotation severely impedes the motion or tumbling of the FA + molecular cations in the cages.
Recently, several structural and computational studies have demonstrated the coupled dynamical behaviour of 'A' site cations with the surrounding inorganic framework that influences the photovoltaic performance of these halide perovskites. 48, [51] [52] [53] [54] [55] [56] [57] Molecular rotations in MAPbBr 3 have been described as being coupled to PbBr 6 octahedral distortions, 48,58 while Selig et. al. 59 find slower cation dynamics in the mixed halide MAPb(Br,I) 3 .
In the parent FAPbI 3 , the FA + cation undergoes a tumbling motion with a time constant of 2 ps. 46 To investigate this further, we calculated the vector autocorrelation function for the FA + cations in all compositions. This measures the probability over time that the orientation of FA + cations will remain correlated with the corresponding initial orientation. Physically, it depicts how fast the organic molecular ion rotates inside the inorganic cage. The data is shown in Figure 5(a) . Also shown in Figure 5(b, c) are the nitrogen density plots in which the positions of the nitrogen atoms have been stacked over time to indicate the main regions occupied.
We find three main features. First, the time constant (defined as the time taken for a 50% uncorrelation) for the parent FAPbI 3 is 2 ps, in excellent agreement with recent work by Weller et al. 46 Second, for mixed cation systems, particularly FA 0.9 A 0.1 PbI 3 (A = Cs, Rb), the time constant is more than doubled to almost 5 ps, indicating a significant reduction in the tumbling frequency of the FA + molecular ions. Third, for the parent FAPbI 3 , the nitrogen density plots (Fig 5b) are essentially almost spherical indicating 3D rotation or tumbling with little restriction. This scenario is in excellent agreement with the recent study by Chen et. al. 60 By contrast, the nitrogen density plots for FA 0.9 Cs 0.1 PbI 3 (Fig 5c) show two distinct lobes that relate to local motion of the two NH + 2 groups of the CH(NH 2 ) + 2 molecular ion. This suggests that the FA + molecules remain mostly in a particular orientation and do not undergo full rotation nor flip through 180 • during the 9 ps of simulation time. Finally, we discuss the impact of the increased tilting and the restriction of the octahedral oscillation on the photovoltaic properties. These structural changes are significant as the electronic band gaps, relevant to photovoltaic behaviour are associated with Pb-I bond hybridization. It has been shown previously that the band-gap magnitude is sensitive to the Pb-I-Pb bond angle. 53, 61 Various experimental and computational studies have found that when the Pb-I-Pb bond angle increases, the band gap also blue-shifts. 53, 61 Our study indicates that the bond angle and therefore the band gap will undergo much smaller fluctuation, and result in more monochromatic light absorption profile in the mixed A-site cation perovskite systems. This reduced electronic disorder is the most likely reason for recently observed increased mobility in these mixed cation systems. 26, 62 Further studies are needed to quantify this aspect as well as exploring the impact on the corresponding electronic structures.
In conclusion, we have investigated lead halide perovskites with a mixture of cation species on the A-site, which are known to show the best solar cell performance and to have higher stability against degradation. A number of structural and dynamical features that occur when CH(NH 2 ) 2 PbI 3 (FAPbI 3 ) is doped with smaller cations (MA + , Cs + , Rb + ) on the A-site have been identified.
1. There is a contraction of the unit cell volume (of up to 2% for 10% Rb doping), which has its origin in increased tilting of the PbI 6 octahedra to compensate for the reduced space filling offered by the smaller inorganic cations.
2. The oscillation of the octahedral tilting in FAPbI 3 is significantly reduced with incorporation of the smaller cations, Cs + and Rb + . This result indicates that the PbI 6 octahedral framework becomes 'locked' and the lattice dynamics are significantly reduced.
3. The rotational or tumbling motion of the organic molecular cations in the cages is restricted by this locking of the PbI 6 framework. For instance, the time constant of the tumbling motion of the FA + cations is increased from 2 ps in FAPbI 3 to 5 ps in both FA 0.9 Cs 0.1 PbI 3 and FA 0.9 Rb 0.1 PbI 3 . There is also an increase in the hydrogen bonding type (N-H· · ·I) interactions between FA + and the Pb-I lattice in the mixed A-site cation perovskites, which may confer greater structural stability.
The results presented here provide fundamental atomic-scale insights into the origin of the significant enhancements in solar cell performance achieved by using mixed A-site cations in lead halide perovskites and suggest design routes for further study.
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